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ELECTROSTATIC SPRAYING OF PORCELAIN ENAMELS* 


By James B. WILLIS 


ABSTRACT 


The application of the process of electrostatic spraying to the porcelain enamel in- 
dustry is described. The equipment which is used and the method of using it are dis- 


cussed in detail. 


Particular emphasis is placed on the preparation of enamel for electro- 


static spraying and on theoretical considerations which have a direct bearing on the 
spraying process. The applicability and limitations on the use of the equipment in 
the porcelain enamel industry are considered. 


|. Introduction 

One of the more serious problems which has con- 
fronted the enameler for many years has been the prob- 
lem of overspray. Experience has shown that even in 
the best run plants as much as 50% and sometimes even 
greater amounts of enamel which is put through a spray 
gun never reach the surface of the ware. While it is 
true that a large portion of this material remains in the 
spray booth and can be reclaimed, it represents a con- 
siderable economic loss since not only material but the 
time and labor required to prepare the milled enamel 
are involved. Furthermore it is usually undesirable 
to use the reclaim for finish-coat application. The 
matter of salvage is often difficult since it is hard to 
prevent contamination, especially when the material 
remains in an open spray booth. Much time and 
money have been spent in the development of spraying 
equipment and training personnel in the spraying tech- 
nique. Special types of booths to minimize the con- 
tamination and facilitate the reclaiming of the over- 
spray have been constructed. The best water-washed 
spray booth on the market, however, will not prevent 
the contamination of reclaimed material with banana 
peels; apple cores, an occasional plug of tobacco, and 
other miscellaneous items which have a strange habit 
of finding their way into the reclaim enamel. 

A number of years ago, the Harper J. Ransburg Com- 
pany of Indianapolis was faced with a similar problem 
relating to the application of paints and lacquers. Or- 
ganics cannot be salvaged as are enamels, and any ma- 
terial which does not find its way to the surface of the 
ware may be counted as lost as well as difficult to re- 
move from the spray booths and equipment. Because 
of these problems, the Ransburg Company conceived 
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the idea of applying the principles of electronics to the 
problem and achieved a major success. 

Considerable publicity has been given the electro- 
static spraying process, especially during the war years 
when it has made possible the production of superior 
articles from the standpoint of uniformity of coating 
together with the elimination of the loss of coating ma- 
terials, many of which were critical. 

There has been little consideration given to electro- 
static spraying of porcelain enamel. Experiments 
were carried on in an enamel plant, but no decision 
was made as to whether the process was applicable 
to the porcelain enamel industry. Equipment was 
recently procured, and an investigation was begun to 
determine whether or not the electrostatic spraying 
process could be applied to porcelain enameling. 


ll. Equipment 

The process consists of the charging of the spray 
particles in an electric field and the attraction of these 
particles to the object to be coated, a process not dis- 
similar, theoretically, from electroplating except that 
in the latter case the metallic particles are suspended in 
a water medium, whereas with the former, the spray 
particles are suspended in air. The object to be 
sprayed is grounded and is surrounded by an electrical 
field of such a nature as to impart a negative charge to 
the atomized particles entering the field. The par- 
ticles so charged migrate toward the object which hears 
a positive charge. Such a field is provided by a 
specially designed rectifier and transformer which pro- 
duces a very high voltage (Fig. 1). Power is supplied 
to the power pack in the form of a 220-volt, single- 
phase, 60-cycle current. The secondary voltage reaches 
a maximum of 100,000 volts, single-phase, half-wave, 
60 cycles, with a current rating not exceeding 10 milli- 
amperes. 

The electrical field is produced by an electrode system 


4 
| 
121 


122 


Fic. 1.—-Power pack. 


composed of a series of fine copper wires, suspended 
parallel to the surface to be sprayed (Fig. 2); if the 
pieces are being sprayed in a horizontal position, the 
electrode system will be suspended horizontally. It is 
essential that the electrode system conform in contour 
to the object being sprayed. Exception may be taken 
to this rule with cylindrical or similarly shaped objects 
which can be rotated while passing through the field. 

The electrode wires are spaced in relation to one an- 
other and to the grounded object so as to produce the 
proper intensity and direction of impulse in the field 
established. Generally speaking, a spacing of 6 to 
8 in. between electrode wires and 10 to 12 in. between 
the electrode and the piece has been most efficient. 
Since the force of the field is proportional to the distance 
between electrode and ground, an increase in the dis- 
tance rapidly decreases the force of the field, but the 
distance must be adequate to obviate the possibility of a 
static spark between electrode and ground, nullifying 
the effect of the field entirely. 

The force of the field is also proportional to the differ- 
ence in surface area of the electrode wires as compared 
with the area of the object being sprayed. The aggre- 
gate area of these wires must be very small in compari- 
son with the area of the article opposite the electrode. 
If this principle is carried to the extreme, however, a 
noticeable decline in efficiency is noted. A No. 30 
copper wire has been found most effective for this pur- 
pose and is recommended for all installations. 

For efficiency of operation, the ware is usually sus- 
pended on a conveyer line which is grounded to provide 
a negative pole for the system. The conveyer used in 
the present investigation was equipped with a variable- 
speed motor and a variable-speed transmission provid- 
ing any desired cable speed from 2'/, to 35 ft. per min. 

The spray gun used was a standard make of air- 
operated automatic gun. A variety of tips, needles, 
and atomizing caps was tried to determine the most 
satisfactory combination of gun fittings for the process. 

The enamel used in the spraying operation was con- 
tained in an ordinary two-gallon pressure tank. A 
gallon bucket containing the enamel was placed in the 
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Fic. 2.—Spray booth showing electrode system. 


4.—Modification of Harrison consistometer for 
measurement of flow time of enamel slips. 


Fic. 


tank to avoid the necessity of washing the entire pres- 
sure tank after each operation. 

Air was supplied for the fluid pressure, the atomizing 
pressure, and for the operating pressure for the auto- 
matic gun from the plant-pressure system at approxi- 
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The main line pressure was 


mately 100 Ib. per sq. in. 
piped through an air transformer at line pressure to the 
quick shut-off valve for operating the automatic spray 


gun. The line pressure was reduced through the trans- 
former to the atomizing line and the fluid tank. A sec- 
ond transformer provided a controlled air supply for the 
throttler controller mechanism, which in turn actuated 
the diaphragm valve controlling the pressure on the 
fluid tank. The throttler controller gave accurate 
control of fluid pressures to within +0.2 Ib. (Fig. 3). 

To obtain data on the viscosities of the various 
enamel slips, a modification of the Harrison consistome- 
ter was designed which would permit a relatively simple 
but at the same time accurate measure of the relative 
viscosity of the slips in the terms of the number of sec- 
onds required for 100 cc. of slip to flow through a 
capillary at the base of the flow tube (Fig. 4). 


| I. Preliminary Investigation 


Initial operations with the electrostatic spray were 
begun without benefit of accurate pressure-control 
equipment or a power-driven conveyer system. The 
original conveyer line consisted of a */,.-in. flexible steel 
cable, running through the spray booth from front to 
back, parallel to the depth of the booth and supported 
at either end by large wooden pulley wheels, and 
arranged in such a way that ware hung on the cable 
could be run in or out of the spray booth, past the elec- 
trode system by hand. The cable was grounded at one 
point, providing a ground for the system. 

The only pressure-control equipment available was 
the ordinary type of air-regulating valve commonly 
found on spray lines and pressure tanks. This type of 
control, unfortunately, did not provide a sufficient 
degree of accuracy. 

The spray gun was placed in front of the booth in 
such a way that the axis of spray made an acute angle 
of approximately 15 degrees with the conveyer line and 
the surface to be sprayed. Previous investigation on 
the part of the manufacturers of the spray equipment 
had proved this angle to provide the most efficient opera- 
tion. The gun was so placed that the average distance 
from the gun tip to the plate being sprayed was 28 to 
30 in. In so arranging the equipment, the spray was 
directed approximately toward the exhaust fan in the 
back of the booth. 

In the initial spraying experiments, a ground-coat 
enamel of the following composition was used: 100 Ib. 
frit, 7 Ib. clay, 8 oz. borax, and 4 oz. magnesium carbon- 
ate; fineness, 2° on 200-mesh sieve. 

A DeVilbiss type WV, air-operated automatic spray 
gun was tried with various types of tips and atomizing 
caps to determine which combination gave the maxi- 
mum degree of atomization. The most satisfactory 
results were obtained with a No. 765 cap, “G” tip and 
needle. 


The make of gun has no bearing on the investigation or 
on the quality of the results which might be expected. 
Specific mention is made from time to time to equipment 
by the maker’s name and number, but this information is 
merely used to serve as a means of identifying the size and 
type of accessories. 
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The sprayed plates were rectangular in shape, 10 by 
14 in., and were hung with the long axis parallel to the 
direction of the conveyer. 

When spraying at a specific gravity of 1.76, the en- 
amel was too dry by the time it reached the surface of 
the plate being sprayed and was deposited as a semidry 
dust. The specific gravity of the slip was reduced to 
1.55, resulting in a spray so wet that the enamel ran off 
the surface. Variations in the fluid and atomizing 
pressures were made at both specific gravities with no 
appreciable improvement in the results. 

The same ground-coat enamel was prepared at 
specific gravities of 1.60, 1.65, and 1.70 and was sprayed 
with all possible combinations of fluid and atomizing 
pressures, varying at 5-lb. intervals up to a maximum of 


-35 Ib. The best results were obtained at a specific 


gravity of 1.70, a fluid pressure of 15 lb., and an atomiz- 
ing pressure of 20 Ib. No effort was made to measure 
either the set or viscosity of the slip at this time. 

The sprayed plates showed a moderate amount of 
orange peel which disappeared in firing. Uniformity 
of deposit from top to bottom depended largely on 
proper location of the gun. Uniformity from one end 
of the plate to the other was poor, the end of the plate 
nearest the gun invariably being light. This was due 
in part to the fact that the plate was moved into the 
field and withdrawn but could not be passed entirely 
through the field and out the other end. To obtain a 
sufficiently heavy deposit of enamel on the plate, it was 
necessary to move the plate in and out of the field three 
times in succession. There was a slight overlapping of 
the spray for a distance of approximately 1 in. on the 
side of the plate away from the electrode. 

Uniformity from end to end on the plate was con- 
siderably improved by hanging other plates ahead of 
and behind the plate being sprayed. 

To determine the effect of the thickness and nature 
of a coating already applied to a sample on the ability 
of that sample to pick up additional coatings, one coat 
of enamel was applied to a sheet and fired and the thick- 
ness was measured. The spraying procedure was 
repeated, all factors remaining the same, and the addi- 
tional fired thickness was measured. Because the 
thickness of the second coat was just equal in thickness 
to the first, it was concluded that a single application of 
enamel had no effect on the ability of a sample to pick 
up additional coatings. 

To determine the effect of variations in the distance 
between the electrode system and the object being 
sprayed, sample plates were sprayed with the electrodes 
placed at varying distances from the sample. As the 
distance from the electrode to the plate increased, the 
force of attraction rapidly decreased; conversely, as 
the distance from the plate to the electrode was de- 
creased, the force of attraction was increased but with 
a marked decrease in uniformity. 

The output of the power pack originally was 85,000 
volts. This voltage output was increased to approxi- 
mately 100,000 volts by shorting out a portion of the 
resistance. Although there was some evidence of in- 
creased attraction, the amount was not sufficient with 
this small increase in voltage to warrant consideration. 
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The power pack remained at this latter voltage output 
during the investigation. 

For comparison, sheets were sprayed with lacquer, 
and the results were checked visually with those ob- 
tained with porcelain enamel tests. The lacquer 
showed no greater tendency to react to the electrostatic 
field than did the enamel, regardless of the fact that the 
dielectric strength of the lacquer was considerably lower 
than that for the enamel. 

Up to this point in the investigation, all work had 
been conducted with ground-coat enamel. To deter- 
mine whether or not white cover-coat enamel might be 
sprayed with equal satisfaction, an enamel of the 
following composition was made up: 100 Ib. frit, 6 Ib. 
clay, 2 lb. opacifier, and 4 oz. magnesium carbonate; 
fineness, 2% on 200-mesh sieve. 

Instead of using the flat sheets, which had been em- 
ployed previously, broiler doors were obtained, finished 
in ground coat, 10 by 18 in., with a '/;-in. fiange on one 
side and a 1-in. flange on the other three sides. The 
broiler doors were hung vertically on the conveyer line 
with the long axis parallel to the direction of the con- 
veyer. Ata specific gravity of 1.78, the sprayed coat- 
ing was entirely too dry. The specific gravity of the 
enamel slip, therefore, was reduced to 1.65 and a few 
cubic centimeters of a concentrated solution of sodium 
nitrite were added to provide additional set. The fluid 
pressure on the tank was adjusted to the point where 
the enamel would flow uniformly through the gun, and 
any reduction in pressure would not provide a uniform 
flow. The atomizing pressure was set at 14 lb. After 
several adjustments in the location of the gun, it was 
possible to spray these broiler doors to a satisfactory 
degree of uniformity. 

One of the more interesting features of the spraying 
process brought out in this phase of the investigation 
is the fact that in spraying pieces with small flanges, for 
example, 1 to 1'/; in. wide, the spray has a tendency to 
overlap the edges of the flanges as well as the surface 
parallel to the electrode system. In so doing, the radius 
of the flange, which is normally coated quite heavily by 
hand or automatic spraying operations, receives a 
lighter deposit than the remainder of the flange. 

Throughout the investigation to this point, the degree 
of atomization of the enamel was one of the more critical 
factors in the operation. No specific data, moreover, 
had been obtained on the effect of variations in the 
specific gravity. An effort was made, therefore, to 
determine the effect of these two variables on the ability 
of the enamel to react to the electrostatic field. During 
this portion of the investigation, it was found that, as 
the specific gravity increased, the degree of atomiza- 
tion increased, not because of the increase in gravity or 
because of the decreased water content but because 
the volume of fluid delivered at constant pressure de- 
creased as the specific gravity and the flow time in- 
creased, the atomizing air at constant pressure being 
capable of atomizing only a limited quantity of fluid. 
The fluid pressures were also varying as much as one 
pound either way from a given setting and were causing 
noticeable variations in the results. 

To obtain comparative results, it was necessary to 
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control the volume of fluid delivery per unit of time 
rather than the fluid pressure; or, more specifically, to 
control the volume of fluid delivered per unit time at a 
given pressure, knowing that the pressure was constant. 
Accurate pressure-control equipment was obtained and 
installed. At the same time, the conveyer system, de- 
scribed in Section II, replaced the obviously unsatis- 
factory hand-operated conveyer system. 

The preliminary investigation and investigations 
previously conducted by the manufacturers of the 
equipment revealed the following facts: 


(1) In spraying, the charge on the grounded object 
is always positive and the charge on the electrode is 
always negative; the charge in the field, therefore, is 
always negative and the charge placed on particles 


’ entering the field will be negative. 


(2) There is no means of actually measuring the force 
of the field; the length of the spark gap is an approxi- 
mate measure of this force. 

(3) Increases in voltage within the limits of any 
single installation do not appreciably affect the force of 
the electrostatic field. 

(4) The dielectric strength of a given material has no 
effect on the ability of that material to react to the 
force of the field. 

(5) Additions of electrolytes have no effect on the re- 
actability of the enamel slip. 

(6) In spraying irregular sheets, it is essential that 
the electrode system conform in contour to the contour 
of the object being coated. 

(7) A spacing of from 6 to 8 in. between electrode 
wires and 10 to 12 in. between the electrode and the 
object has been found most efficient. 

(8) The axis of the spray must make an acute angle 
of 15 degrees with the surface to be coated for most 
efficient results. 

(9) The uniformity of the coating is dependent 
largely on the location of the spray gun. 

(10) The smallest fluid tip available and an atomizing 
cap with a maximum number of air holes provides a 
maximum degree and uniformity of atomization. 

(11) The effect of particle size on ability to react to 
the field lies in the force of inertia in particles of in- 
creased size and density. The greater the inertia of 
the particle passing through the field, the less effective 
the force of the field; no minimum effective particle 
size has been determined. 

(12) A maximum degree and uniformity of atomiza- 
tion is essential. 

(13) A coating of enamel already applied to an object 
being coated apparently has no effect on the ability of 
that object to pick up additional coatings. 

(14) The most satisfactory specific gravity lies in 
the neighborhood of 1.70 gm. per cc. 

(15) Ground-coat and cover-coat enamels may be 
sprayed with an equal degree of satisfaction. 

(16) Fluid and atomizing pressures must be controlled 
more accurately than can be done by ordinary means. 

(17) The capacity of any single unit is, as yet, an 
unknown factor; on installations of industrial size, that 
is, for spraying table tops, stove parts, etc., it will prob- 
ably be necessary to use more than a single power pack; 
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a slight increase in amperage is also necessary to over- 
come the additional resistance provided by a larger 
electrode system. 

On the basis of these conclusions, a program of re- 
search was laid out to determine the effect of variations 
in the physical properties of enamel slips on the ability 
of these slips to atomize, to react to the electrostatic 
field, and to produce a satisfactory sprayed finish. 


IV. Method of Procedure 


(1) Atomization 

The greatest obstacle which had to be overcome was 
found to be atomization of the enamel. In spraying 
paints or lacquers, the stream of fluid emitted from the 
gun has the appearance of a very fine mist, almost a 
cloud. These materials, by virtue of their physical 
properties, are comparatively easy to reduce to a fine 
degree of atomization. Porcelain enamels, with their 
increased viscosity and particle sizes, it was believed, 
would be considerably more difficult to atomize. 
Consequently, in a study of each of the variations in 
the physical properties of the material and the me- 
chanical operation of the spraying process itself, sample 
plates were made which would indicate the degree of 
atomization attained. 

Small glass plates were passed through the spray 
approximately two feet from the gun, receiving a light 
dusting of the material. A representative section of 
each of these atomization samples was photographed 
at a magnification of 20 diameters, and the photograph 
was used as a basis of comparison of the degree and uni- 
formity of atomization, 


(2) Location of Spray Gun 

Previous experience on the part of the Harper J. 
Ransburg Company had indicated that the position of 
the gun was important. Wherever a high savings of 
material was desired, the gun must be located so that 
the axis of the spray was directed at an acute angle to 
the surface being coated; an angle of 15 degrees was 
normally used. 

To determine whether or not the same factors which 
controlled the location of the spray gun in the spraying 
of paints and lacquers also controlled the location of 
the spray gun in spraying porcelain enamels, the spray 
gun was located in several different positions and at 
varying angles with the surface being coated. 


(3) Control of Fluid Volume 


To determine the volume of fluid being delivered by 
the spray gun by any given fluid pressure and for any 
given viscosity or flow time for an enamel slip, a series of 
slips was made up with varying specific gravities and 
flow times. The minimum pressure required to start 
the slip flowing through the gun and the volume of 
fluid delivered at intervals from this pressure to the 
maximum capacity of the pressure-regulating device 
were measured for each slip. Three samples were 
taken for each slip at each fluid pressure, and the aver- 
age volume delivered, as computed from the three trials, 
was taken as the fluid volume delivery at the given 
pressure and consistometer flow time. 
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TABLE I 


COMPOSITION OF ENAMEL S.iips Usep To DETERMINE 
Errect or CLay CONTENT 


Enamel! mill formulas (Ib.) 
(1) (2) (3) (4) (5) 


Frit 100 100 100 100 100 
Clay 6 4 2 

Opacifier 2 2 2 2 2 
Sodium aluminate 
Sodium nitrite 


From the curves plotted from data obtained in this 
determination, new curves were drawn, showing con- 
stant-pressure lines when the flow time in seconds was 
plotted against fluid delivery in cubic centimeters per 
second; these were used throughout the investigation 
in determining the volume of fluid delivery in spraying 
and atomizing tests. 


(4) Effect of Clay Content 


It was suspected that the clay content of the enamel 
slip might have an appreciable bearing on the ability of 
that slip to atomize and therefore on the ability of the 
slip to react satisfactorily to the force of the electro- 
static field. To determine to what extent the clay con- 
tent actually did affect the atomization, characteristic 
enamel slips were prepared as indicated in Table I. 

Each mill was ground to a fineness of 2©% on 200- 
mesh.* Each slip was adjusted to a specific gravity of 
1.69 (+0.005). The flow time, that is, the time re- 
quired for 100 cc. of fluid to pass through the flow tube, 
was adjusted by the addition of a saturated solution of 
sodium nitrite until the flow time for all Slips was equal. 

With the flow, specific gravity, and fineness of each 
slip the same, an atomization sample was prepared for 
each one by the method previously described and a 
comparison was made between the atomization samples. 


(5) Effect of Specific Gravity or Water Content 

To determine the effect of specific gravity, or water 
content, of the slip on the ability of the enamel slip to 
atomize and also to react to the electrostatic field, an 
enamel of the following composition was milled: 100 
Ib. frit, 12 oz. bentonite, 2 Ib. opacifier, 4 0z. sodium 
aluminate, and 4 oz. sodium nitrite; fineness, 2°) on 
200-mesh sieve. 

Gallon samples of this slip were adjusted to the follow- 
ing specific gravities: 1.50, 1.55, 1.60, 1.65, and 
1.695. The flow time was determined for each slip so 
that the volume of fluid delivered through the gun 
might be known at any time. A sample plate was 
sprayed with each slip at fluid pressures varying at 
2-Ib. intervals from the minimum pressure required to 
keep the fluid flowing through the gun up to 14 Ib. fluid 
pressure and at atomizing pressures varying at 5-lb. 
intervals up to 20 Ib. The degree of atomization for 
each combination of flow time, specific gravity, fluid 
pressure, and atomizing pressure was made by the same 
procedure as previously used. A conveyer speed of 
2'/, ft. per minute was necessary to provide enough 


* Fineness determined by Porcelain Enamel Institute 
standard fineness tests. 
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Fic. 5.—Classification of atomization samples. 


time for satisfactory coverage. No investigation was 
made above a specific gravity of 1.695 due to the fact 
that at the higher specific gravities it became necessary 
(in order to obtain a low enough flow time) to reduce 
the set of the slip by additions of tetrasodium pyro- 
phosphate to the point where suspension was too poor. 
Specific gravities above 1.70, moreover, resulted in a 
spray too dry for practical purposes. 


(6) Effect of Set 


Six samples, of one quart each, were taken of an 
enamel ground to a fineness of 1% on 200-mesh. The 
milled composition of the sample was the same as that 
used previously in the study of specific gravity or water 
content. All samples were adjusted to a specific gravity 
of 1.70. The flow time was measured for the group of 
samples and was found to be 15.6 seconds. A satu- 
rated solution of sodium nitrite was added to three of 
the samples increasing the set of each in proportion to 
their ultimate flow time, in seconds, of 18.5, 21.3, and 
22.7. Tetrasodium pyrophosphate was added to two 
more of the samples in the same manner, decreasing the 
set and flow time to 12.2 and 10.9 seconds. 

Each plate to be sprayed was weighed before and 
after spraying and the amount of enamel deposited was 
calculated. All samples were sprayed in identically the 
same manner. The pressure at which each sample was 
sprayed was selected so as to give a fluid delivery of 2 cc. 
per second. Atomization samples were prepared for 
each enamel. 


(7) Effect of Fineness 

The preliminary investigation indicated that no con- 
siderable variation in results might be expected as the 
result of minor variations in the fineness of the enamel. 
To determine the exact extent of such variations as 
might be expected, samples were milled to the following 
finenesses: 15% on 200-mesh, 10% on 200-mesh, 5°% 
on 200-mesh, 2% on 200-mesh, and 2% on 325-mesh. 
Each sample was adjusted to a specific gravity of 1.70 


Fic. 6.—Atomization classification No. 1; poor degree and 
uniformity of atomization (X20). 


and the flow time was determined. Fluid pressures 
were selected for each sample so as to give a constant 
flow of 2 cc. per second. Plates were sprayed at an 
atomizing pressure of 20 lb. The sample plate was 
weighed before and after spraying to determine the 
amount of enamel deposited; each specimen was 
sprayed in exactly the same manner and for the same 
period of time. Atomization samples were again taken 
for each fineness. 


(8) Overspray 

Since the reduction in loss of coating material is 
important, the approximate percentage of overspray to 
be expected was determined. Six 10- by 12-in. sampfe 
plates were weighed, sprayed, and reweighed, and the 
amount of enamel deposited was calculated. In spray- 
ing, the plates were hung on the conveyer cable !/» in. 
apart; the cable was run at the rate of 2'/, ft. per min- 
ute. The specific gravity of the enamel was 1.710; 
the flow time, 21.56 seconds; and the fluid delivery, 
1.948 ce. per second. The atomizing pressure was 20 
Ib. (read on the atomizing line at the gun). The sample 
plates were sprayed for exactly 60 seconds, beginning 
when the first plate was opposite the last electrode wire. 


V. Data and Results 


(1) Atomization 

For the purpose of identification, the atomization 
samples were divided into four groups. Figure 5, show- 
ing four such atomization samples before being enlarged, 
illustrates the method of classification. Number 1 
shows a poor degree of atomization approaching the 
type of spray created by an ordinary enamel gun; the 
combination of very coarse and medium-sized particles 
is marked. Number 2 is still slightly underatomized, 
but the preponderance of large splotches has dis- 
appeared. Number 3 illustrates the most satisfactory 
degree of atomization, all factors considered, for electro- 
static spraying of porcelain enamels. Number 4 is an 
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Fic. 7.—-Atomization classification No. 2; slight degree of 
atomization (X20). 


Fic. 8.—Atomization classification No. 3; normal atomiza- 
tion (X20). 


example of overatomization; particles are so fine that 
many of them are carried away in the air stream. A 
comparison of the atomization samples shows that the 
quality of the finished sprayed results may be antici- 
pated with a fair degree of accuracy. The difference 
in particle size in such sprays is shown in Figs. 6 through 
9. In Fig. 6, the atomization is quite coarse and de- 
cidedly nonuniform in character; Fig. 7 shows con- 
siderable improvement although it still leaves much 
to be desired in uniformity and reduction in particle 
size. The first two are likely to produce a sprayed 
surface too wet for practical purposes. Figure 8 illus- 
trates the most satisfactory degree of atomization. 
Figure 9 indicates a spray so fine that, although a 
maximum degree of uniformity has been obtained, the 
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Fic. 9.—Atomization classification No. 4; overatomiza- 
tion (X20). 


surface produced would be dry and granular, and the 
amount of enamel lost in overspray would be excessive. 


(2) Location of Spray Gun 

The most satisfactory results in sprayed finish and 
the most efficient use of material are obtained when an 
angle of 15 degrees with the surface being coated is 
maintained. The atomized particles leaving the gun 
will vary somewhat in size and therefore in inertia. In 
passing through the field, those particles of greater mass 
will react more slowly to the force of the field and will 
require a greater distance for this force to overcome 
the inertia of the particles and direct them to the surface 
to be coated. If the angle is increased, there is a tend- 
ency to reduce the uniformity of the deposit through 
localization of the force of the spray from the gun. At 
increased angles, there is an increased tendency to 
develop orange peel; and, at increased angles of spray, 
there is also a tendency, however slight, for the smaller 
atomized particles to be carried away from the surface 
of the ware by the force of the deflected air stream. 
Each dissimilar object that must be sprayed will re- 
quire a variation in the location and number of spray 
guns for maximum coverage in order that those sur- 
faces which cannot be completely covered by the force 
of the electrostatic field may be covered by mechanical 
force of the spray itself. 


(3) Measurement of Flow Time 

Table II presents the data obtained in calibrating 
the equipment to determine the volume of fluid being 
delivered through the gun for slips of varying flow time 
at various fluid pressures. These data apply only to 
the equipment and enamel slips used in this investiga- 
tion. Ifa gun tip other than a “‘G"’ tip were used, the 
size of the fluid orifice would vary. The pressure drop 
in the air line would vary with the length and size of the 
air line used and with the type of joints and unions in 
the system. To simplify the investigation as much as 
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TABLE II 


DaTA OBTAINED IN MBASURING FLUID DELIVERY 
THROUGH SPRAY GUN WITH ENAMEL SLIPS OF VARYING 
VISCOSITIES AT VARYING FLUID PRESSURES 
Fluid pressure vs. fluid delivery (specific gravity and flow time 
constant) 

Sp. gr. 1.500, flow time 6.85 sec. 


Sp. gr. 1.550, flow time 7.70 sec. 


Fluid pressure Fluid delivery Fluid pressure Fluid delivery 


Sp. gr. 1.600, flow time 9.20 sec. 


Sp. gr. 1.642, flow time 15.55 sec. 


(lb./sq. in.) (ce./sec.) (Ib./sq. in.) (ce./sec.) 
3.5 0.888 4.0 0.830 
6.0 2.009 6.0 1.729 
8.0 2.613 8.0 2.426 
10.0 3.068 10.0 2.915 
12.0 3.623 11.0 3.108 
14.0 4.005 12.0 3.383 
15.0 5.312 13.0 3.566 

14.0 3.725 
15.0 5.074 


5.0 0.520 7.5 0.952 
7.0 1.672 9.0 1.549 
9.0 2.323 11.0 2.097 
11.0 2.792 13.0 2.644 
13.0 3.311 14.0 2.695 
14.0 3.474 15.0 4.152 
15.0 4.857 


Sp. gr. 1.650, flow time 11.60 sec. Sp. gr. 1.662, flow time 19.75 sec. 

7.0 1.202 9.0 1.057 
9.0 2.031 10.0 1.474 
11.0 2. 5&7 11.0 1.713 
13.0 3.010 2.0 2.014 
13.5 3.108 13.0 2.243 
14.0 3.196 14.0 2.403 
15.0 9.055 


Sp. gr. 1.700, flow time 23.50 sec. 


— 


Fluid pressure Fluid delivery 


(Ib./sq. in.) (ce./sec.) 
11.0 1.437 
12.0 1.734 
13.0 1.997 
14.0 2.307 
15.0 3.771 


possible, all pressures were read at the source and no 
consideration was given to pressure drops due to fric- 
tion in the air and fluid lines. Curves were plotted 
from these data showing constant-pressure lines when 
the flow time in seconds was plotted against the fluid 
delivery in cubic centimeters per second. Figure 10 
shows the type of curves arrived at by this method. 
By referring to these curves, the pressure required to 
give any desired fluid delivery at any given flow time 
may be predetermined; conversely, the fluid delivery 
for any given combination of pressure and flow time 
may be determined. 


(4) Effect of Clay Content 


A comparison of the atomization photographs in- 
dicates that beyond any doubt the degree and uniform- 
ity of atomization increases with a decrease in clay con- 
tent. Although neither sample 4 nor 5 contained any 
clay whatever, No. 4 had practically no set, while No. 5 
had excellent set. A comparison of the atomization 
photographs between these two indicated little or no 
difference. Sample plates sprayed with slips of vary- 
ing clay content indicate that a slightly finer sprayed 
texture is obtained with the samples of higher clay 
content. 
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IM 
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4 flow time (sec. 


XA 8 


™) 
Fluid delivery (cc /sec.) 


Fic. 10.—Constant-pressure curves. 


(5) Effects of Specific Gravity or Water Content 

Table III presents the data on variations in specific 
gravity. Plates, in general, could not be sprayed 
successfully by this method below a 1.60 specific grav- 
ity. The enamel was deposited in too wet a state, 
causing a considerable amount to flow from the sheet. 
At specific gravities of 1.50 and 1.55, almost all sprayed 
samples sagged. Where the remainder of any single series 
obviously would not have produced satisfactory re- 
sults, no effort was made to complete the series. There 
was, at all specific gravities, a large amount of orange 
peel when the proportion of fluid delivered to the 
amount of atomizing air was high. This orange- 
peeling tendency decreased -with increased atomiza- 
tion. Increases in atomizing pressure gave drier sur- 
faces, better coverage, and generally improved the 
appearance of the sprayed plate. 

Results improved with increases in specific gravity, 
and the best sprayed plates were obtained at a specific 
gravity of 1.695. 

To determine the quality of sprayed plates at actual 
fluid delivery rather than at pressures, the fluid pressure 
at which each plate was sprayed was converted to 
volume of fluid delivered. Regardless of specific grav- 
ity, the best results were invariably obtained when the 
fluid delivery was approximately 2 cc. per second, to- 
gether with the necessary atomizing pressure to provide 
a satisfactory degree of atomization. Further com- 
parison of the results established a minimum fluid de- 
livery of 1.5 cc. per second and a maximum delivery of 
2.5 ce. per second for acceptable results. 

The atomizing pressure was read at the source. 
When a pressure gauge was inserted in the atomizing 
line just ahead of the spray gun, the true atomizing 
pressure at the gun was found to be approximately 5 Ib. 
less than that indicated at the source. 

Atomizing pressures above 25 lb. increased the ve- 
locity of the spray to such an extent that the amount of 
overspray appeared to be excessive. 
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TABLE III 


EFFECT OF VARIATIONS IN SPECIFIC GRAVITY OR WATER CONTENT 
Variable specific gravity combinations of fluid and atomizing pressures 


Sample Fluid 
pressure 
"16 4 
17 
18 
19 
20 6 
21 
22 
23 8 
24 
25 
26 10 
27 
28 12 
29 
30 14 
31 
32 5 
33 
34 
35 6 
36 
37 
38 8 
39 
40 
41 10 
42 
43 12 
44 
45 6 
46 
47 
48 8 
49 
50 
51 10 
52 
53 12 
54 
55 14 
56 
7 8 
58 
59 
60 10 
61 
62 12 
63 
64 14 
65 
66 
67 9 
68 
69 
70 10 
71 
72 12 
74 14 
75 
76 12 


* Best in series. 
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Atomizing 
pressure 


Atomization 


Appearance of plate 


(1) Sp. gr. 1.50, flow time 6.15 sec. 


Nee 


bo 


Too wet, sag, application slow 
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Drier, but still too wet, sag, slight orange peel, slow 


Slightly wet, good surface, slight orange peel, slow 


Too wet, sag, good surface, slow 


Too wet, sag, good surface, slow, slight orange peel 


(2) Sp. gr. 1.55, flow time 7.20 sec. 
Good surface, slight orange peel, sag, slow 


(3) 


do tly 


(4) 


bo bo 


Whew 


wb 


do 


| 
tt 


w 


w 


ds 


j 


slow 
Dry, grainy, slow 

Sag, orange peel, too wet 

Sag, orange peel 

Good, slight orange peel* 

Too wet, sag, orange peel 

Sag, orange peel 


Too wet, sag, slight orange peel 
Slight sag, slight orange peel 
Sag, too wet, orange peel 

Sag, orange peel 


. 1.60, flow time 10.20 sec. 


Sag, slight orange peel, slow 

, slight orange peel* 
Good, slight orange peel, slightly dry* 
Too wet, sag, orange 
Good, slight orange peel* 
Good, slight orange peel, slightly dry* 
Very slight sag, slight orange peel* 
Good, slight orange peel* 
Slight sag, orange peel, too wet 
Very slight sag, slight orange peel* 
Too wet, sag, slight orange peel 
Slight sag, slight orange peel 


. 1.65, flow time 15.55 sec. 


Orange peel, slow 

Good, slight orange peel, slightly dry* 
Dry 

Orange peel 

Good, slight orange peel, slightly dry* 
Orange peel 

Good, slight orange peel* 

Orange peel, bad 

Orange peel, good 

Good, slight orange peel, high overspray 


. gr. 1.695, flow time 19.50 sec. 


Orange peel, bad, slow 

Good, slight orange peel* 

Fair, slight orange peel, slightly dry 
Good, slight orange peel 

Fair, slight orange peel, slightly dry 
Good, slight orange peel* 

Very good, slight orange peel* 
Good, orange peel* 

Good, slight orange peel* 
Excellent * 
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-Atomization sample No. 83( X20). 


Fic. 12. 


Table III shows that the most satisfactory degree of 
atomization, 3, coincides generally with the most satis- 
factory sprayed results. Based on this observation, it 
may be concluded that the degree of atomization 
attained may serve as a satisfactory guide to the quality 
of the ware sprayed by this process. 


(6) Effect of Set 


The results obtained on the effect of set are shown in 
Table IV. The weight of enamel is seen to increase 
slightly as the set increases. As indicated in Figs. 11 
and 12, the degree of atomization was not affected by 
changes in set. A high set generally gave the best 
sprayed results. Samples Nos. 86 and 87 could not be 
sprayed satisfactorily because the set of the enamel 
was Cestroyed to the point where the enamel would run 
off the ware as rapidly as it was deposited thereon. 


Fic. 13.—Atomization sample No. 78( X20). 


TABLE IV 
EFFECT OF VARIATIONS IN SET 
Sample Flow Atomi- Enamel Appearance of 
No. time (sec.) zation wt. (gm.) sprayed plate 
82 22.7 3 45.6 Good 
83 21.3 3 41.1 
84 18.5 3 40.1 Slightly dry 
85 15.6 3 38.1 is i 
86 2.2 3 38.1 Sagged 
87 10.9 3 38.1 
TABLE V 
EFFECT OF VARIATIONS IN FINENESS 
Fine- 
ness (% 

Sample on 200- Atomi- Enamel Application Sprayed plate 
No. mesh) zation wt. (gm.) (%) appearance 
77 15 3 539.3 33.7 Granular 
78 3 549.7 32.1 Ks 
79 3 536.0 28.8 Slightly granular 
80 3 532.8 28.3 


538.3 34.1 


10 
5 
2 
On 325-mesh 


81 2-3 Good 


(7) Effect of Fineness 

The data obtained in this phase of the investigation 
are shown in Table V. The fourth column gives a 
comparison of the dry weight of the enamel deposited 
on each plate for each fineness, based on the total 
volume of the enamel sprayed from each sample. 
The application weight on a percentage basis actually 
decreases slightly down through 2° on 200-mesh. The 
percentage application weight for the sample 2° on 
325-mesh is the highest in the series. The results indi- 
cate that enamel milled through a fineness above 5% 
on 200-mesh produces a granular sprayed surface which 
will not smooth out entirely on firing. With the more 
coarsely milled enamels, there was a slight reduction 
in the gloss of the fired enamel. As indicated in Table 
V, there was no difference in atomization on any of the 
samples from 15% on 200-mesh to 2% on 200-mesh. 
The enamel ground to 2% on 325-mesh appears to be 
slightly less uniform in atomization than the remainder 
of the samples. Figures 13 and 14 are representative 


of the degree of atomization obtained in this series. 
Vol. 28, No. 5 
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Fic. 11.—Atomization sample No. 86(X20). 
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Fic. 15.—Electrostatically sprayed broiler door. 


(8) Overspray 

From the data obtained in determining what savings 
might be expected in the way of reduced overspray, a 
figure of 28.9% was obtained. Owing to the length 
of the field and the size of the sample plates used, this 
figure is somewhat higher than would normally be found 
in an industrial application. The amount of overspray 
probably would be reduced to as little as 15 or 20%. 


(9) Spraying of Shapes 

An opportunity was afforded from time to time to 
spray a variety of shapes. These included broiler 
doors, refrigerator inner doors, oven liners, archi- 
tectural panels, and finally a section of a lavatory. 
The size and shape of the majority of these pieces 
necessitated the use of multiple guns. A considerable 
‘amount of adjusting of the location and number of guns 
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for each individual shape was necessary. Those pieces 
with flat surfaces and no protruding or recessed sec- 
tions, and with simple flanges, were sprayed quite 
readily. Some difficulty, however, was encountered, 
when using two or more guns spraying parallel to one 
another, in adjusting the position of the guns and the 
pattern of the sprays so as to prevent either an over- 
lapping of the sprays, causing un excessively heavy 
deposit in one area, or a division of the sprays, causing a 
slightly lighter deposit in one area. A broiler door 
finished in this manner is shown in Fig. 15. 

The variations in thickness of application cannot be 
compared in any way with those found in spraying 
paints and lacquers, because such minor variations as 
would cause rejection of ware finished in porcelain 
enamel would scarcely be noticed in lacquer finishes 
owing to their greater opacity or covering power. 

Two of the sprayed shapes were formed in such a way 
that the surfaces were either embossed or corrugated; 


. it was impossible by any manipulation of the location 


of the guns to fill in and around the radii of the re- 
cesses of these samples. 

The lavatory section was found practically impossible 
to coat uniformly either by means of the electrostatic 
field or by the mechanical force of the spray, regardless 
of the location or number of guns within the limits of 
the equipment used. 

These difficulties which were encountered in spraying 
the various shapes represent limitations on the use of 
the equipment. Perhaps they might be more properly 
referred to as obstacles which must be overcome before 
maximum advantage may be taken of the process. It 
is evident that, as in electroplating, protruding edges 
and recessed sections are quite difficult to cover uni- 
formly. This may be rectified in the design of the 
electrode system to compensate for the difference in 
distance between the electrode and the grounded object 
or in the location and the number of guns used. 

Cylindrical or similarly symmetrical shapes may be 
sprayed quite readily by causing them to pass throuch 
the electrostatic field while rotating on their axes of 
symmetry. Such shapes as thermos bottles, powder 
cases, and the like have been sprayed with paints and 
lacquers by this method with a great deal of success 
both as to uniformity and savings of materials. 

The spraying process and the effect of the electro- 
static field are illustrated quite clearly in Figs. 16 and 
17. The 10- by 18-in. broiler doors are being sprayed 
with a single gun at a conveyer speed of 2'/, ft. per 
minute. The process, of course, could be adjusted to 
any desired speed by the use of additional guns. Figure 
16 shows the type of deposit obtained without the bene- 
fit of electrostatic field. These broiler doors are ac- 
tually passing through the spray, although it is so fine 
that it cannot be discerned. The leading flange on the 
doors and the iight deposit of enamel on the face toward 
which the gun is directed are clearly seen. The only 
flange covered by the spray is that on which the spray 
impinges. 

Figure 17 illustrates the effect after the electrostatic 
field has been switched on. The leading flange, which 
was formerly bare, has been completely covered. The 


Fic. 14.—-Atomization sample No. 80( X20). 
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Fic. 16.—Spraying process without electrostatic field. 


spray has actually turned through 180 degrees and re- 
turned to cover this flange on the side opposite the gun. 
The top and bottom flanges (not shown in the figure) are 
also covered. Complete coverage of the broiler doors 
has thus been obtained on all flanges as well as on the 
face. The effect of the field can be seen plainly just 
opposite the first electrode wire. The force of the field 
has caused the spray to bend out of its path as quickly 
as it enters. 


VI. Discussion of Results 

The success of the operation depends to a large extent 
on proper care in the preparation of the enamel for 
spraying. To make certain that no coarse particles 
are present which might cause stoppages in the spray 
guns, the enamel should be screened through a 40- or 
60-mesh screen immediately prior to use. Control of 
the various physical properties of the enamel slip, such 
as fineness, specific gravity, and set, assumes an even 
greater degree of importance with this spraying opera- 
tion than it does in the hand or mechanical-spraying 
operations now in existence. 

In normal operations, atomizing pressures from 15 to 
20 Ib. are sufficient to provide the degree and uniform- 
ity of atomization required. Atomizing pressures in 
excess of 20 Ib. increase the amount of overspray to the 
point where it appears to be excessive. For uniform 
results, atomizing pressures should not be allowed to 
vary from a given setting by more than '/» Ib. 

Fluid pressures will vary from 6 to 13 Ib., depending 
on the viscosity of the slip. Control of fluid pressures 
is one of the most critical phases of the spraying opera- 
tion. Since comparatively small quantities of fluid are 
being delivered through each gun, any minor variation 
in fluid delivery through the guns will actually amount 
to a relatively large percentage of variation; and since 
the fluid pressure governs the volume of fluid being 
delivered, minute variations in the fluid pressure are 
evidenced as noticeable variations in the fluid delivery. 
Fluctuations in fluid delivery result in variations in the 
degree of atomization and so decrease the uniformity of 
the spray. An accurate pressure-control system, then, 
is an absolute necessity. 
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Fic. 17.—Spraying process with electrostatic field. 


Although the investigatior: indicates that the clay 
content of the enamel slip has a decided effect on the 
degree of atomization obtainable, the effect is not so 
severe as to make the elimination of clay from the mill 
additions essential. As a matter of fact, the presence 
of a small amount of clay in the milled enamel under 
certain conditions may have a slight tendency to im- 
prove the workability of the system and the appearance 
of the sprayed surface. 

To summarize the results of the portion of the in- 
vestigation devoted to the effect of specific gravity or 
water content, when the specific gravity was below 1.60 
and the set generally poor, the sprayed surfaces were 
almost invariably too wet, the enamel running off the 
plate entirely in some instances while in others a severe 
sagging was noted. This sagging took place whenever 
the set was poor. The best samples were obtained at 
the specific gravity of 1.70. 

In comparing the quality of the sprayed finish at 
each specific gravity with the volume of fluid being de- 
livered to the gun at various pressure settings, the best 
sprayed samples were invariably obtained when the 
fluid delivery from the gun approximated 2 cc. per 
second. Closer scrutiny of these results indicated that 
all samples were generally poor when the fluid delivery 
exceeded 2.5 cc. per second or fell below 1.5 cc. per 
second. 

The set of the enamel appears to play a relatively 
small part in the ability of the enamel to react to the 
electrostatic field or in the degree of atomization ob- 
tainable. In view of the exaggerated tendency for the 
enamel to sag at the comparatively low specific gravities 
used, a maximum degree of set must be maintained. 

Regardless of the fact that the data obtained would 
seem to indicate that enamel milled to a fineness above 

2% on 200-mesh may not be used so successfully, it is 
believed that enamels may be sprayed equally well when 
milled to a fineness as high as 5% on 200-mesh. This 
conclusion is based on the fact that the enamels used in 
this phase of the investigation, having been prepared 
in 3-lb. laboratory mills, were composed of particles of 
frit of considerably greater average particle size than if 
large mills were used. 
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Abrasion of Glass as Related to Composition 


Mill additions other than clay have no apparent effect 
on the ability of the slip to react to the electrostatic 
field. 

Increased viscosity of the slip, contrary to what might 
have been expected, does not, within working limits, 
affect the ability of the enamel slip to atomize. 

Difficulty will undoubtedly be encountered at first 
in determining the proper location and adjustment of 
spray guns to provide the desired degree of uniformity 
of application. When a standard operating procedure 
is established, however, a minimum variation in the 
finished quality may be anticipated. 


Vil. Conclusions 

(1) The factors which make electrostatic spraying 
valuable in the application of organic coatings apply 
equally to porcelain enamel. The process can be 
satisfactorily used for spraying of enamels, and when 
properly used, produces a uniformly coated product 
with a minimum of loss due to overspray. 

(2) Although the process appears to offer an appre- 
ciable"savings in material consumption, proof of this 
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fact may be obtained only through an industrial in- 
stallation of the equipment. 

(3) The process lends itself readily to the spraying of 
flat surfaces with simple flanges or to the spraying of 
symmetrical shapes, especially where the operation is 
highly repetitive. 

(4) In preparation of the enamel, the process necessi- 
tates no radical changes from the conventional mill 
additions which might affect equipment or layout 
planning nor does it involve extremely fine milling of 
the enamel. 

(5) Accurate control of the physical properties of the 
enamel slip used for spraying in this process, especially 
of the set and the specific gravity or water content, is 
essential to the production of uniformly satisfactory 
results. . 

(6) Each individual installation will require an ad- 
justment in the number and location of the guns for 
most efficient operation. 
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ABRASION OF GLASS AS RELATED TO COMPOSITION* 


By S. R. Scnorest 


ABSTRACT 
The abradability of glass of different compositions was estimated by grinding on a steel 
plate with powdered quartz as an abrasive, determining the weight removed from the 
ends of glass rods, reducing this to volume, and comparing with the volume removed 


from used silica rods by the same treatment. 


Silica (SiO,) and B,O; are constituents 


contributing to resistance to abrasion, while soda, lime, and especially lead oxide produce 
high abradability. Abradabilities are expressed in numbers referred to silica glass as 


unity. 


1. Introduction . 

The hardness of glass has hitherto been investigated 
chiefly as resistance to scratching. Since it is impos- 
sible to rank the glasses in a scale of hardness, as is 
done with minerals, because all glasses scratch each 
other, the degree of scratching or depth of penetration 
by a diamond point has been made the inverse measure 
of hardness. 

An exception is the work reported by Milligan,’ who 
used a Zeiss sand-blasting machine for testing various 
substances. The results of the present experiments 
agree fairly well with those of Milligan for the few 
comparable glasses that he studied. 

In the commercial grinding and polishing of glass for 

* Presented at the Thirty-Eighth Annual Meeting, 
The American Ceramic Society, Columbus, Ohio, March 
31, 1936 (Glass Division). Received December 19, 1944. 

t+ Department of Glass Technology, New York State 
College of Ceramics, Alfred, N. Y. This work is the 
basis of a thesis project carried on by L. M. Austin, L. F. 
Pither, E. C. Ostrander, and L. A. Vogel. These students 
have done a large part of the work of designing and 
constructing the apparatus, making the experimental 
meltings, and accumulating the data. 

1L. H. Milligan, ‘“‘Impact-Abrasion Hardness of Cer- 
tain Minerals and Ceramic Products,’ Jour. Amer. Ceram. 
Soc., 19 [7] 187-91 (1936). 
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various purposes, the interesting property is not the 
surface hardness, but the degree of abradability, or 
inversely, the resistance to abrasion. A method is 
presented in this paper for studying abradability by 
weighing the glass removed by grinding. This weight, 
translated into volume, becomes a direct measure of 
relative abradability. No attempt has been made to 
relate these values to any absolute measure of hardness. 

The standard selected as a unit of abradability is 
that of vitreous silica. 


ll. General Method 


The method of grinding employed was to hold the 
specimens, consisting of small rods, in a vertical posi- 
tion floating freely in holes in a revolving chuck, 
weighed down by lead weights, and thus held against 
the abrasive action of wet potter's flint on a revolving 
steel disk. 

lll. Experimental Details 

The machine used is shown in Figs. 1 and 2. The 
drive was obtained from the spindle of a potter's jigger 
assembly. On this was mounted the ordinary cast-iron 
receptacle, and on top of this was laid horizontally a 2- 
in. abrasive wheel, 12 in. in diameter, secured by a bolt 
through the center. At first, an attempt was made to 
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Fic. 1.—Diagram of experimental machine; A chuck; 
B grinding disk; C stirrer socket; D siphon; £ outlet for 
spent slurry. 


grind the specimens on this wheel, but it was soon found 
that the surface wore smooth and became coated with 
fine particles of glass. The abrasive effect rapidly di- 
minished. 

The wheel then became a solid support for the steel 
disk used as the mill throughout the experimental work. 
This circular plate, 12 in. in diameter and °/;¢ in. thick, 
was machined smooth on its upper surface. It acquired 
a satin finish after a few runs but was not seriously 
worn away after continued use. The center bolt had 
a squared end, engaging a socket at the end of a verti- 
cal shaft which carried rotation to the chuck holding 
the rods and to the stirrer for the abrasive slurry. The 
grinding disk revolved at 135 r.p.m., the stirrer, at 
twice this rate; and the holding chuck was reduced in 
speed, by belting from a countershaft, to 5 r.p.m. 

A 4-in. aluminum disk, 2 in. thick with twelve verti- 
cal holes drilled */, in. from its edge, served as a chuck 
or holder for the rods. These holes were equally spaced, 
and in four groups of three, respectively, */\¢, 4/1., and 
5/16 in., to receive rods of assorted diameters. The 
chuck was carried about '/, in. above the grinding 
disk to allow clearance for the abrasive. 

In the holes in the chuck, the glass rods were held 
sensibly vertical but freely floating. The rods were 
loaded with lead weights, cylindrical in form, having 
sockets drilled axially to fit over the upper ends of the 
rods. Sixty-gram weights were regularly used, except 
for experiments to determine the effect of varying load. 

The potter's flint used as the abrasive had been pul- 
verized to pass a 200-mesh screen. This material 
was mixed into a slurry with 55 to 60% of its weight of 
water, and rapid settling was prevented by the addi- 
tion of 1% of bentonite. The mixture was stored in a 
tin can and was kept in a smooth suspension by a pro- 
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Fic. 2.— Machine used for the experiments. 


TABLE I 
DaTA OF TYPICAL EXPERIMENT 


Composition (°%) SiO., 74; Na,O, 20; CaO, 6 
Diam. Load Loss 
(mm.) (gm.) (gm.) 10 
Rods (D) (W) (L) VWwD 
Silica 1 7.0 67.8 . 152 698 
Silica 2 7.3 68.3 .156 699 
Glass 1 5.3 65.4 439 2360 
Glass 2 5.7 66.7 459 2350 
Glass 3 4.9 65.1 432 2420 
Glass 4 6.0 66.5 468 2340 
Glass 5 §.2 65.5 462 2500 
Glass 6 4.2 63.9 417 2540 
Glass 7 4. 63.6 420 2600 


Avg. L X 10° for glass, 2440; for fused silica, 699. 
VWD 
Ratio, glass to silica, 3.5: 1. 
Density of the glass, 2.46. 


oo X 2.20 = 3.2 (vol. coeff. of abradability, A) 


peller-shaped stirrer. A siphon, regulated by a pinch- 
cock to deliver a rapid series of drops near the center 
of the grinding disk, fed the abrasive slurry at the rate 
of 500 to 800 gm. of flint per hour. 


IV. Procedure 


Specimens for grinding were cut from commercial 
rods, or from rods drawn from experimental melts, se- 
lected between 4.0 and 7.5 mm. diameter, in pieces 
about 10 cm. long. Before being used in a grinding 
test, each rod was given a preliminary grinding, under 
load, to square and smooth one end. The rods were 
washed, wiped dry, and weighed to the nearest milli- 
gram before and after the grinding test. 

Each run lasted about one hour. In this period, 
several hundred milligrams of glass were ground away 
from each rod. The probable error of weighing was 
thus brought below 1%. The speed of the disk was 
the same in all the experiments made. Possibly a 
slower speed, and longer time, would be a better pro- 
cedure, since chipping was sometimes evident at the 
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Abrasion of Glass as Related to Composition 135 
TABLE II 
Ox1pE COMPOSITIONS AND THEIR ABRADABILITY COEFFICIENTS 
. 
sio AlzOs Na:O K:0 CaO MgO BOs PbO BaOQ A(bywt.) A (by vol.) 
100 (clear fused silica) 1.00 1.00 
100 (translucent fused silica) 1.15 1.15 
ind Pyrex-brand resistant glass No. 772 1.6 1.6 
73.4 3.9 14.9 4.1 2.8 1.0 2.9 2.6 
74.2 2.5 17.3 5.2 0.2 6.0 3.0 2.7 
73.2 4.0 18.3 4.6 3.4 3.1 
74 26 3.5 3.2 
74 20 6 3.5 3.2 
74 16 10 3.0 2.7 
74 16 6 4 3.2 2.9 
74 4 22 3.8 3.5 
74 4 16 3.5 2.5 3.3 3.0 
70 4 16 10 3.3 3.0 
66 S 26 4.2 3.7 
74 15 10 l 2.9 2.6 
74 12 10 4 2.7 2.5 
74 i) 10 7 2.4 2.2 
7. 16 10 1 2.9 2.6 
7 16 10 4 2.8 2.5 
67 16 10 7 2.4 2.2 
69 31 5.3 4.8 
69 26 5 4.6 4.2 
69 23 s 4.3 3.9 
69 21 10 3.9 3.5 
69 21 10 l 3.6 33 - 
65 21 10 4 3.7 3.4 
62 21 10 7 3.7 3.4 
69 20 10 1 3.8 3.4 
69 17 10 4 3.5 3.2 
69 14 10 7 3.3 3.0 
74 20 6 4.0 3.5 
74 16 10 4.3 3.7 
82 18 3.9 
77 18 5 3.7 3.3 
72 18 10 3.8 3.3 
67 1s pid 15 3.4 2.9 
18 82 


edges of the rods. The rotation of the chuck carried 
all the specimens over the same path and presented 
them equally to the abrasive action. Being free to 
turn in the holes in the chuck, some of the rods ap- 
parently revolved in such a way as to be ground en- 
tirely from one side, while others remained stationary 
with respect to the chuck and were ground from all 
sides. No variations in the results could be laid to 
this difference. 

The glasses used included, in each run, at least two 
specimens of vitreous silica (Vitreosil); Pyrex-brand 
resistant glass, in rods furnished by the Corning Glass 
Works Laboratory; three glasses supplied in cullet 
form by the Hazel-Atlas Glass Company, remelted 
and drawn into rods; various experimental glasses 
comprising a sodium borate, the soda-silica eutectic, 
soda-lime and soda-lead glasses made by substituting 
these bases in the eutectic glass; and also soda boro- 
silicate, made up the compositions whose abradability 
was separately determined. These compositions will 
be referred to more specifically with the tabulation of 
data. 


V. Effects of Load and Diameter 
Since it was not possible to use rods which, together 
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with their lead weights, would all have the same weight, 
it became necessary to make some estimate of the ef- 
fect of this variable on the quantity of glass ground 
away. It became apparent, by making a run with 
lead weights ranging from 48 to 120 gm. each, that the 
quantity of glass removed was not proportional to the 
total load. However, plotting load against abrasion 
loss produced a straight-line graph, which might be 
represented by equation (1). 

W=w+hkL (1) 
W = abrasive loss. 
= loss at zero load. 


w 
L = total load. 
k = constant depending on abradability. 


From this relationship, it is possible to reduce the 
weights removed by abrasion under varying loads to 
some common standard and thus to make comparisons 
between different experiments directly. For small 
differences in load, the relationship holds that W « VL. 
For most of the experiments, where the lead weights 
were equal and the only differences were in the added 
weights of the rods themselves, this method of correction 
could be applied more simply and without appreciable 
error. 
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It might be expected that rods of smaller diameter, 
which would accordingly be subject to larger pressures 
per unit area against the abrasive, would be ground 
away more rapidly than larger rods. On the other 
hand, the larger rods, having greater area and offering 
a longer path for the abrasive particles, might be ex- 
pected to suffer greater loss on these accounts. In a 
communication to the writer, F. W. Preston reports 
that abrasive loss under constant load is independent 
of area. The data from which this conclusion was 
drawn were probably obtained on larger experiments, 
perhaps on glass plates or disks. It does not necessarily 
follow that the same law would hold as the area became 
smaller or as the load per unit area became progres- 
sively larger. 

In these experiments, it was repeatedly observed that 
larger rods lost more weight under the same load than 
smaller ones. Upon casting about for a mathematical 
relationship, it was empirically discovered that the 
grinding losses were proportional to the square root of 
the diameter, that is, W«~W/D. No explanation is 
offered for this relationship. It was applied as a matter 
of convenience in adjusting the relative losses of rods 
of different diameters. 


Vi. Effect of Harder Abrasive 


Silicon carbide, in suitable granulation, was used in 
place of potter’s flint (quartz) in one experiment. 
With this abrasive, the fused-silica rods lost nearly as 
much weight as the soda-lime-silica glass rods in the 
‘same run. If ‘‘hardness’’ may be considered as some 
fancied number, it seems that the difference in hardness 
between silicon carbide and any glass is so great that 
the ratio of any two differences (equal to relative 
abradability) is practically unity. Similar reasoning 
would apply to corundum, and it should be a matter of 
indifference to the lens grinder employing one of these 
harder abrasives whether a lead glass or a borosilicate 
is being ground. . 


Vil. Effect of Heat-Treatment 

The reported results were obtained on rods as re- 
ceived, or as made, which means that they were un- 
annealed. Rods were annealed for several runs, but 
no differences in comparative abradabilities could be 
observed. This result might be expected, since the 
grinding took place diametrically across the rods and 
encountered balancing strain conditions in different 
zones. If a similar test could be made on a compressed 
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surface only, it is reasonable to expect that much more 
resistance to abrasion would be found. 

After correcting for load, diameter, and sp€cific 
gravity, the average loss for the glass is divided by the 
loss for Vitreosil, and the result, A, designates the co- 
efficient of abradability where Vitreosil has a coefficient 
of 1.0. The correction for specific gravity is necessary 
because the fact of interest is the volume of glass ground 
away in any abrasive action, not the weight. The 
losses for the glass were therefore divided by the spe- 
cific gravity of the glass and multiplied by 2.20 to make 
them comparable, as volumes, to the silica removed 
from the Vitreosil. 

Thus far, the experimental results are not accurate 
beyond one decimal place. 

In Table II, a number of compositions are given to- 
gether with the coefficients of abradability determined 
for them. 


Vill. Discussion of Results 


A few general conclusions can be drawn. Silica is, 
by all odds, the most important component in resisting 
abrasion. Lime seems to have little effect when it is 
substituted directly for soda in a sodium silicate. 
Since the sodium borate is the softest of all the glasses 
investigated, it is evident that boron oxide is much less 
effective than silica in supplying hardness. However, 
when boron oxide replaces lime, the glass becomes less 
abradable. The relative hardness of the commercial 
compositions may possibly be explained by their com- 
plexity rather than by attributing any particular de- 
gree of hardness to the separate components. A small 
addition of alumina appears to have scarcely more 
effect than the same addition of lime as replacing soda. 

The data thus far obtained are much too fragmentary 
to warrant the derivation of factors or other numerical 
expressions designating the effect on abradability to be 
expected from each component oxide. It is interesting 
to note—and this is entirely in accordance with pub- 
lished observations on scratch hardness—that com- 
mercial glasses show, on the whole, no great range of 
abradability but that all of them are approximately 
three times as abradable as pure silica. The low co- 
efficient of Pyrex-brand glass may reasonably be at- 
tributed to its high-silica and low-alkali contents. 
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PROPERTIES OF WOLLASTONITE AND DIOPSIDE WITH ADMIXTURES 
OF TiO:, ZrO:, AND SiO.* 


By C. R. AMBERG 


ABSTRACT 


Diopside and wollastonite from natural sources were mixed with TiOQ., ZrO:, and Si02. 
The firing and fired properties were studied. Certain admixtures were found to im- 
prove the color of the fired materials and at the same time produced exceptionally hard 


bodies of high density. 


1. Introduction 

In previous work on wollastonite and diopside, it 
was found that a dark brown, glassy phase was’ pro- 
duced when these materials were fired at temperatures 
of 1200°C. and above, and this brown color in the mass 
would be objectionable for many ceramic purposes. 
Some evidence that silica might produce a bleaching 
action was noted in samples of fired wollastonite that 
had reacted with the setting sand. With the idea that 
other RO, oxides might produce similar effects as well 
as interesting physical properties, the following work 
was undertaken. 


ll. Materials and Methods 


The wollastonite and diopside were obtained from 
Essex County, New York, the wollastonite having been 
purified by magnetic separation to eliminate garnet 
and green diopside. The white diopside had been 
sorted free of graphite and quartz. Both materials were 
ball milled to pass a 100-mesh sieve. Opax was used 
as a source of ZrO,; a paint-pigment type of TiO, was 


* Presented at the Autumn Meeting of the White Wares 
and Materials and Equipment Divisions, Uniontown, 
Pa., September 15, 1944. Received November 21, 1944. 


TABLE I 
Test SPECIMEN COMPOSITIONS 
Specimen 


No. Wollastonite Diopside TiO: ZrO: SiO: 
1 95 5 
2 90 10 
3 85 15 
4 80 20 
5 75 25 
6 95 5 
7 90 10 
8 85 15 
9 80 20 
10 75 25 
11 95 5 
12 90 10 
13 85 15 
14 20 
15 75 25 
16 95 5 
17 90 10 
18 85 15 
19 80 20 
20 75 25 
21 95 5 
22 90 10 
23 85 15 
24 80 20 
25 75 25 
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employed; and SiO, was supplied with potters’ flint. 

The mixtures shown in Table I were ball milled wet, 
dried, and then made up for dry pressing with 8% of 
water containing 1% of gum tragacanth. Cylndrical 
specimens were pressed at 2000 Ib. per sq. in. 

Draw trials of five specimens of each body were 
made at a series of temperatures. The linear firing 
shrinkage of the cylinder diameters was calculated 
from Ames dial measurements. Absorption and bulk 
specific gravity were determined by conventional 
methods. Scratch hardness was determined on the 
Mohs scale, and the colors of the inside fractured sur- 
faces were compared with a series of standards. Fusion 
characteristics were judged from the degree to which 
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Fic. 2.—Firing shrinkage of wollastonite-ZrO,. 


the specimens deformed of their own weight or stuck . 


to another specimen of the same composition when set 
two specimens deep. 


lll. Results and Discussion 


(1) Wollastonite-TiO. 

In Fig. 1, the linear shrinkages of the wollastonite- 
TiO, group illustrate the typical curves of a material 
with short firing range. The corresponding absorptions 
and bulk densities are given in Tables II and III. The 
three properties bear normal relations, the density 
increasing and the absorption decreasing with increase 
in shrinkage. 

The interesting feature is the trend produced by 
increasing TiO,. It is apparent that the bodies grow 
more refractory as they depart from body No. 3, the 
15% TiO, composition. It would seem that a eutectic 
exists near this composition. The No. 3 body has the 
most favorable combination of properties, since it can 
be fired to low absorption and high density at 1290°C. 
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without deformation (Table IV) and has the lightest 
colors of the group for equivalent hardness values 
(Table V). The Mohs hardness of 8 at 1290°C. is a 


surprising value. 


(2) Wollastonite-ZrO, 

The shrinkages (Fig. 2) of this group again indicate 
short firing ranges, but the composition group varies 
closely in shrinkage, absorption, and density values. 
There is a trend toward decreased refractoriness with 
increasing ZrO., but with 15% and more of ZrO, the 
differences are slight. The group as a whole is dis- 
tinctly more refractory than the wollastonite-TiO, 
group. 

With 15 to 25% of ZrOz, bodies of Mohs hardness 7 
and with fairly light color are obtainable at 1398°C. 
At this temperature, the bodies show a slight tendency 
to adhere when set two deep. The sintering, however, 
is not severe enough to cause any noticeable tearing 
when the samples are broken apart. 
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(3) Wollastonite-SiO, 

The shrinkage curves (Fig. 3) in this group show 
somewhat greater spread than for the wollastonite- 
ZrO, group and less than that of the wollastonite-TiO, 
group. In the last-mentioned group, there are indica- 
tions of a eutectic around 15% SiO, content. The 
CaO-SiO, phase diagram would indicate the presence 
of a eutectic at 22.7% SiO, to 77.3% theoretical wollas- 
tonite. The impurities in the natural wollastonite 
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account for some of the difference from theoretical 
expectations and other differences are probably ac- 
counted for by the expansion resulting from the con- 
version of quartz to cristobalite. The latter effect is, 
of course, more pronounced as the silica content in- 
creases. It explains the anomalous condition of the 
25% SiO. body, showing higher densities and lower 
absorptions than certain bodies of lower SiO, content 
that had higher shrinkage. 


TABLE II 
PERCENTAGE FIRED ABSORPTION AT VARIOUS TEMPERATURES 


No. 1150°C. 1200°C. 1250°C. 1270°C. 1290°C. 1350°C, 1370°C. 1398°C. 1416°C. 
1 22.8 21.3 13.0 
2 19.3 18.9 18.3 
3 20.3 12.9 | 0.7 
4 21.2 15.9 13.9 11.4 
5 21.7 17.4 17.0 16.3 
6 23.7 22.4 17.0 
7 23.4 23.8 22.0 19.8 
8 22.6 22.7 20.5 1.9 
23.6 22.6 2.3 
10 19.1 1.9 
ll 22.4 19.2 
12 23.3 21.5 
13 21.9 20.1 
14 23.2 22.8 22.1 
15 24.9 24.9 24.7 14.5 
16 13.5 11.3 6.1 
17 12.5 8.6 
18 12.5 6.9 
19 13.6 7.5 
20 12.5 6.5 
21 15.7 14.7 8.6 
22 15.6 11.7 11.0 7.7 
23 15.0 14.2 9.0 4.0 
24 14.4 13.1 9.2 6.5 
25 13.5 12.6 7.5 2.1 
1150°C, 1200°C, 1250°C 1300°C, 1325°C, 1333°C. 1350°C. 1400°C, 
Diopside 17.0 16.8 14.7 13.8 9.2 3.9 
Wollastonite . 26.8 25.8 26.8 25.0 5.5 
TABLE III 
BuLkK SpeciFic GRAVITY AT VARIOUS TEMPERATURES 
Composition 
No. 1150°C., 1200°C. 1250°C. 1270°C. 1290°C 1350°C. 1370°C. 1398°C. 1416°C. 
1 1.781 1.823 2.142 
2 1.925 1.936 1.955 
3 1.987 2.287 2.382 2.958 
4 1.899 2.157 2.206 2.375 
5 1.853 2.021 2.039 2.088 
6 1.778 1.784 2.014 
7 1.783 1.795 1.852 1.953 
8 1.832 1.853 1.923 2.843 
Q 1.825 1.865 2.872 
10 2.038 2.897 
11 1.763 1.877 
12 1.710 1.832 
13 1.7 1.810 
14 1.695 1.715 1.742 
15 1.641 1.653 1.741 1.955 
16 2.295 2.403 2.713 
17 2.373 2.57 
18 2.362 2.713 
19 2.331 2.649 
20 2.408 2.809 
21 2.184 2.232 2.613 
22 2.215 2.338 2.472 2.718 
23 2.274 2.324 2.633 2.907 
24 2.343 2.418 2.673 2.897 
25 2.419 2.477 2.848 3.119 
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TABLE IV 
Fusion CHARACTERISTICS 
Compo- No Partially “ Compo- No Partially 
sition sticking slumped sition sticking slumped 
(°C.) (°C.) No. (°C.) (°C.) 
1 1350 1398 13 1350 1398 
2 1290 1350 14 
3 15 1370 1416 
4 16 1250 1290 
5 vr: 1398 17 1200 1250 
6 1398 1416 18 
7 1370 19 
9 1290 1350 
10 an 
11 1398 23 
12 1350 1398 
5, 


The SiO, group is similar in refractoriness to the ZrO, 
group. In color, the SiO, group was excessively dark 
when fired to adequate hardness. Apparently the 
accident mentioned in section I produced light color 
by leaching rather than by bleaching. 


(4) Diopside-TiO. 

In shrinkage (Fig. 4), absorption, and density, this 
group showed a trend toward lesser refractoriness with 
increased TiO,.; the differences were small for the 
compositions containing 15% or more of TiO, In 
general, the diopside-TiO, bodies have lower refractori- 


or sticking of the body, but a hardness of 7 was not 
obtained without deformation. The TiO, lightened 
the color of the diopside a little, but color shades were 
too dark in bodies of adequate hardness. 


(5) Diopside-ZrO. 

This series showed remarkably close grouping of the 
shrinkage (Fig. 5). Absorptions and densities had a 
little greater spread, but they were still rather closely 
grouped. All three properties showed a consistent 
trend toward slightly lower refractoriness with increas- 
ing ZrO, content. Surprisingly light colors were ob- 
tained at 1290°C. with Mohs hardness of 7 and no de- 
formation of the body. As a group, the diopside-ZrO, 
bodies were less refractory than the wollastonite-ZrO, 
and more refractory than the diopside-TiO, bodies. 

From the standpoint of the properties tested, the 
diopside-TiO, bodies seemed the most attractive for 
further work with the 85% wollastonite-15% TiO, 
body running a close second. 

The firing range of all of the mixtures can probably 
be improved with high-pressure forming and the use of 
internal lubricants. 
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TABLE V 
Mous HARDNESS AND COLOR AT VARIOUS TEMPERATURES* 


Composition 


No. 1150°C. 1200°C. 1250°C. 1270°C. 1290°C. 1350°C. 1370°C. 1398°C. 1416°C. 
Wollastonite 2 light buff 2 buff 3 buff 4 buff 6 brown 
1 Dine 4 brown 
2 3 buff 5 dark brown 
3 3 white 4 white 4 cream 8 light gray 
4. ie 3 ivory = 5 buff 
6 3 ivory 3 buff 3 light buff 4 buff 7 brown 
7 3 light buff _— 3 cream 
3 ivory 3 buff 7 light gray 
9 3 3 7 
10 3 ivory 
ll 3 buff 5 buff 7 dark brown 
12 3 dark buff 3 dark buff 7 brown 
13 3 light buff 3 buff 7 gray 
14 ‘ 2 ivory 3 ivory 3 light buff 5 brown 
Diopside 2 white 3 cream 4 cream 5 dark cream 6 dark brown 
16 3 light yellow 4 tan 4 tan 7 gray 
17 ¢ ™ 7 gray 
18 3 yellow = 
19 3 4 8 oe 
20 3 7 
21 3 light ivory 3 light ivory 4 light gray 7 yellow 
23 “  4light yellow 7 “ 
24 3 “ 3 « “ 7 os 
* Yellow color is same order of intensity as cream. 
IV. Summary Acknowledgment 


— The author wishes to acknowledge the suggestions of 
All of the mixtures of wollastonite or diopside with M. E. Holmes, Dean of the New York State College of 


TiO2, ZrOz, and SiO, showed the short firing range Ceramics, and the aid of the other staff members of the 
typical of the alkaline earth silicates. Research Department. 
Exceptionally high hardness and density were 
obtained with many of the compositions. 
The color of wollastonite showed the greatest im- 
provement with 15% of TiO, and that of diopside with Dsrarrmenr or Resgarcu 
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SOME FIRING AND FIRED PROPERTIES OF NEW YORK STATE DIOPSIDE, 
WOLLASTONITE, AND A TREMOLITIC MATERIAL * 


By C. R. AMBERG 


ABSTRACT 


New York State diopside and wollastonite as well as a high tremolite material obtained 
as a by-product of the electrostatic separation of talc were fired at a series of tempera- 
tures. Petrographic examination of the fired materials, absorptions, shrinkages, and 
P.C.E. values are reported, and observations on color and hardness are also given. 


|. Introduction The diopside is a white, coarsely crystallized mineral 
that fractures into roughly equidimensional grains. 
The deposit contains some quartz and graphite that are 
sufficiently segregated to permit easy separation in the 
quarrying operation. While theoretically pure diopside 
would have the composition CaO-MgO-SiO:, this 
material contains some alumina and iron. 


The development of steatite bodies and their excep- 
tional properties has stimulated the interest of ceramists 
in the other natural silicates of magnesia and lime. 
The discovery of large deposits of white diopside and 
white wollastonite in Essex County, New York, has 
supplied the author with possible sources of raw ma- ; 
terial. It was a natural sequence to investigate the... The wollastonite Sawee e white, coarsely crystal- 
roperties of these materials in order to find possible lized mineral that fractures into blades and needles. 
Pro} ; Disseminated throughout the rock in particles of the 
uses enc 

‘ order of size of a millimeter are a red garnet and a 
green diopside. A small amount of secondary calcite 

* Presented at the Forty-Sixth Annual Meeting, The is also present. The magnetic separator, however 
American Ceramic Society, Pittsburgh, Pa., April4, 1944 ble of ‘id 
(Materials and Equipment Division). Received No- 15 Capable of removing the garnet-and diopside, giving 
vember 21, 1944. 75% recovery of the white wollastonite. Theoretical 


(1945) 


. 


142 


wollastonite has the formula CaO-SiO., but the natural 
material contains small amounts of alumina and iron. 

As a by-product of the electrostatic separation of a 
tremolitic talc, a material was obtained that will be 
designated as tremolite. It actually contains, in addi- 
tion, a high percentage of talc and an appreciable 
quartz content. It is white and very low in iron. 
Theoretical tremolite is an amphibole of composition, 


ll. Experimental 

Each of the materials was ball milled to pass a 100- 
mesh sieve. Samples were pressed in a mold at 2000 
Ib. per sq. in., no water or bond of any kind being added. 
These samples were fired at a series of temperatures 
by draw trial in a gas-fired muffle kiln. Absorption 
measurements were made; linear shrinkages were 
calculated from measurements of the diameters of the 
cylindrical specimens with an Ames dial; and petro- 
graphic examination of the specimens was accom- 
plished by the method of oil-immersed grains. Cones 
of the materials were made from plastic mixes con- 
taining dextrin and subsequently compared with Orton 
standard cones. 


Ill. Results and Discussion 


(1) Petrographic Examination 

Up to and including 1050°C., no apparent change in 
the diopside could be observed. At 1125°C., a slight 
sintering took place, resulting in the formation of 
aggregates that continued to adhere even when the 
material was crushed to pass a 100-mesh sieve. The 
first significant change occurred in the sample fired at 
1200°C., the diopside crystals being partially altered 
to cryptocrystalline aggregates, which were brownish 
in color. The alteration increases in amount and the 
particle size of the crystals increases somewhat with 
subsequent iv crease in firing temperature. At 1300°C., 
a marked recrystallization of the diopside takes place, 
resulting in clear diopside crystals with an interstitial, 
brown, glassy phase. 

It would seem that some of the constituents including 
the iron become unstable in solid solution with the 
diopside at about 1200°C. They then start to come 
out of solution as submicroscopic inclusions, which give 
the diopside the semiopaque appearance of a crypto- 
crystalline aggregate. The inclusions must be of lower 
fusion temperature than the diopside and flux the re- 
crystallization of the diopside at about 1300°C., which 
is considerably lower than its reported melting point 
of 1392°C. The brown tint given to the fired diopside 
is due to an iron-rich glassy phase. 

Wollastonite undergoes no change in microscopic 
character up to and including 1165°C. At 1205°C., a 
major portion of the wollastonite has gone through the 
reversible inversion to pseudowollastonite, resulting in 
the formation of cryptocrystalline aggregates. Simul- 
taneously, brownish inclusions appear. As the tempera- 
ture of firing is increased, the crystals increase in size 
and the brown inclusions become an interstitial glassy 
phase. 
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Fic. 1.—Shrinkage, absorption, color, and hardness 

values for diopside; P.C.E., cone 14 at 3:00 o’clock. 
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Fic. 2.—Shrinkage, absorption, color, and hardness values 
for wollastonite; P.C.E., cone 16 at 3:00 o’clock. 


White lwory 
Soft More 
gh | - _| t ~ a 
A 
| 
| | | 
| 


Fic. 3.—Shrinkage, absorption, color, and hardness values 
for tremolite; P.C.E. greater than cone 28. 


The samples fired at 1400°C. present a special case 
because the bottoms of the specimens had reacted with 
the silica setting sand, producing a white honeycombed 
structure, while the upper unreacted portion was very 
dark brown. 

The inversion of beta- to alpha-wollastonite has been 
given by the International Critical Tables as 1200°C., 
which agrees well with the results obtained. 
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Fired Properties of Diopside, Wollastonite, and Tremolitic Material 
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Fic. 4.—Linear thermal expansion for tremolite, wollaston- 
ite, and diopside. 


The tremolite mixture showed no microscopic change 
at 1000°C. except the change in refractive index of the 
tale owing to its dehydration. At 1050°C., signs of 
initial alteration of the tremolite were present in the 
form of a few submicroscopic inclusions and the con- 
version of the edges of the tremolite crystals to a crypto- 
crystalline aggregate. 

At 1200°C., the talc was altered to cryptocrystalline 
material. 

Quartz remained unaltered at 1300°C., and the 
original outlines of the talc and tremolite particles could 
still be identified. 

At 1350°C., a mutual reaction among the tremolite, 
talc, and quartz particles starts, and at 1400°C. the 
reaction is complete although the crystal size remains 
small. Firing to 1435°C. produced enough crystal 
growth to permit easy identification of the phases, which 
proved to be cristobalite and a crystalline solid solutian 
of diopside in enstatite. No glassy phase could be 
detected petrographically. 


(2) Shrinkage and Absorptions 

Figures 1, 2, and 3 give curves for linear firing 
shrinkage and fired absorptions; P.C.E. values are 
also stated, and the color and hardness values are 
related to the firing temperature. 

The diopside shows a normal relation between 
shrinkage and absorption. It is noticeable that when 
hardness becomes sufficiently great, the color becomes 
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objectionably dark.. The firing range is short if zero 
absorption is desired. ° 

The wollastonite shows low shrinkage even when the 
absorption decreases greatly, which must be due to the 
sealing off of closed pores. The color again becomes 
objectionably dark when fired to sufficient hardness 
and the firing range is short. 

The tremolite mix, being very refractory, did not 
attain low absorption at any of the temperatures 
employed. The shrinkage is negative throughout the 
range. The apparent expansion at the lower tem- 
peratures is probably due chiefly to the relieving of 
molding strains, after which, a slight shrinkage occurs, 
and then, at the highest temperature, an expansion due 
to the conversion of quartz to cristobalite. The color 
was satisfactory even at the highest temperature, but 
the hardness was not very great. 

It is probable that, by the use of the recently de- 
veloped technique of forming steatite ware, the ma- 
terials investigated here could be considerably im- 
proved as to absorption, firing range, and hardness. 


(3) Thermal Expansion 

Thermal expansion was determined by the inter- 
ferometer on samples of the diopside fired at 1333°C.; 
the wollastonite, fired at 1350°C.; and the tremolite, 
fired at 1435°C. The curves for the three materials 
are given in Fig. 4. 

Both the diopside and wollastonite yield relatively 
straight-line expansion curves with the diopside having 
much lower thermal expansion. The tretnolite mixture 
has a much higher expansion than either of the others 
in the low-temperature range because of the cristo- 
balite inversion. The trend of the curve seems to 
indicate that the thermal expansion at high tempera- 
tures is as low or a little lower than that of the diopside. 


IV. Summary 


Diopside and wollastonite resemble tale in having 
short firing ranges, but they develop a dark color at 
higher temperatures due to a brown, glassy phase 
that separates from solid solution at temperatures of 
1200°C. and higher. 

The tremolite-talc-quartz mixture is highly re- 
fractory; its color at 1435°C. is still white and com- 
plete reaction of the constituents has taken place to 
produce cristobalite and a solid solution of diopside 
in enstatite. Low absorption was not obtained even 
with the complete reaction and no glassy phase was 
evident. 
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LOCAL SECTIONS—1945-46 


Now is the time for Local Section officers to start planning Programs for 
the year, September, 1945, to June, 1946. These Section meetings will be 
the only gatherings of ceramists unless travel restrictions are relaxed in time 


for the Autumn Division meetings. 


If meeting dates are established now, it will be possible for The Society 
headquarters offices to give assistance in developing Programs and locating 


speakers. 


Local Section meetings have carried The Society over the present emer- 
gency. The Programs so far have been highly successful. 


Schedule of Meetings for May and June, 1945 
May 10: St. Louis Section. 


May 11: Pittsburgh Section, Mellon Institute, Pittsburgh 13, Pa. 
Special afternoon and evening meetings with papers from the Forty-Seventh Annual 


Program and entertainment. 


May 11: Northern Ohio Section, Cleveland Museum of Art, Cleveland, Ohio 


May 23: Central Ohio Section, Granville Inn, Granville, Ohio 
Special afternoon and evening meetings with papers from the Forty-Seventh Annual 


Program and entertainment. 


June 2: Baltimore-Washington Section, Lord Baltimore Hotel, Baltimore, Md. 


Special afternoon and evening Programs with papers from the Forty-Seventh Annual 
Program, the Edward Orton, Jr., Fellow Lecture, and entertainment. 


Similar meetings were held during April, 1945, by the Chicago, Upstate New 
York, and Northwestern Ohio Sections. 
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This year we've got 
to make 2=—3! We've 

Lo 2: got to lend Uncle Sam 
got ¢ in 2 chunks almost as 
much as we lent last year in 3. Which means that, in the 
approaching 7th War Loan, each of us is expected to buy 
a BIGGER share of extra bonds. 


The 27 million smart Americans on the Payroll Savings 
Plan are getting a headstart! Starting right now they are 
boosting their allotments for April, May and June —so that 
they can buy more bonds, and spread their buying over 
more pay checks. 


Our Marines went over-the-top at Iwo Jima in the greatest, 
and hardest, battle in the Corps’ history. Now it’s your turn! 
Your quota in the 7th is needed to help finish this war, side- 
track inflation, build prosperity. So, captains of industry, 
plant your flag on top — like the Marines at Iwo Jima! 


CAPTAINS OF | 
INDUSTRY 

Plant your flag 

on top, too! 


CAPTAINS of INDUSTRY—here’s your 


+ + 


Check List 


for a successful plant drive: 


Get your copy of the “7th War Loan Com- 
pany Quotas” from your local War Finance 
Chairman. Study it! 

Determine your quota in E Bonds — the 
backbone of every War Loan. 

Arrange for plant-wide showings of “Mr. & 
Mrs. America’’—the new Treasury film. 
Distribute “How to Get There’’—a new 
War Finance Division booklet explaining 
the benefits of War Bonds. 

Circulate envelopes for keeping bonds safe. 
Display 7th War Loan posters at strategic 
points. 

And—see that a bench-to-bench, office-to- 
office 7th War Loan canvass is made. 


* 


The Treasury Department acknouledges with appreciation the publication of this message by 


The American Ceramic Society, Inc. 


+ This is an official U.S. Treasury advertisement prepared under the auspices of Treasury Department and War Advertising Councii 
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THE AMERICAN CERAMIC SOCIETY TRUSTEES 
AND OFFICERS FOR 1945-1946 


President: C. Forrest TeHt, The Claycraft Co., Colum- 
bus 16, Ohio 

Vice-President: J. E. Hansen, Ferro Enamel Corp., 
4150 East 56th St., Cleveland 5, Ohio 

Treasurer: J. D. Sullivan, Battelle Memorial Institute, 
Columbus 1, Ohio 


TRUSTEES FROM INDUSTRIAL DIVISIONS* 

Design: W. A. Weldon, Locke Insulator Corp., Balti- 
more 3, Md, (1946) 

Enamel: R. L. Fellows, Chicago Vitreous Enamel 
Product Co., Cicero 50, Ill. (1946) 

Glass: J. S. Gregorius, Pittsburgh Plate Glass Co., 
Pittsburgh 19, Pa. (1947) 

Materials and Equipment: E. M. Rupp, Clinchfield 
Sand & Feldspar Corp., 410 Northridge Rd., 
Columbus 2, Ohio (1948) 

Refractories: J.B. Austin, U. S. Steel Corp., Kearny, 
N. J. (1946) 

Structural Clay Products: J. H. Isenhour, Isenhour 
Brick & Tile Co., Salisbury, N. C. (1948) 

White Wares: J. W. Hepplewhite, Edwin M. 
Knowles China Co., Newell, W. Va. (1947) 

Institute of Ceramic Engineers: H. M. Kraner, Bethle- 
hem Steel Co., Bethlehem, Pa. (1947) 

Ceramic Educational Council: R. M. Campbell, New 
York State College of Ceramics, Alfred, N. Y. 
(1947) 

* Date of expiration of term of office in parentheses. 


DIVISION OFFICERS 
Design 


Chairman: Theodore Lenchner, Vitro Mfg. Co., 
Pittsourgh, Pa. 
Secretary: Myrtle M. French, Art Institute of Chi- 
cago, Chicago, Ill. 
Enamel 
Chairman: W. W. Higgins, A. O. Smith Corp., 
Milwaukee 1, Wis. 
Secretary: D. G. Moore, National Bureau of Stand- 
ards, Washington 25, D. C. 
Glass 
Chairman: Louis Navias, General Electric Co., 
Schenectady 5, N. Y. 
Secretary: S. R. Scholes, N. Y. State College of 
Ceramics, Alfred, N. Y. 
Materials and Equipment 
en J. F. Day, 1901 Dresden Rd., Zanesville, 
io 
Secretary: W. E. Dougherty, O. Hommel Co., 
Pittsburgh 30, Pa. 
Refractories 
Chairman: S. M, Swain, North American Refrac- 
tories Co., Cleveland 14, Ohio 
Secretary: C. A. Freeman, A. P. Green Fire Brick 
Co., Mexico, Mo. 
Structural Clay Products 
Chairman: R.L. Ferguson, Yankee Hill Brick Mfg. 
Co., Lincoln, Nebr. 
Secretary: G. M. Norwood, Rickman Brick Co., 
Lillington, N. C. 
White Wares 
Chairman: R. M. Campbell, New York State Col- 
lege of Ceramics, Alfred, N. Y. 
Secretary: E. P. McNamara, Pfaltzgraff Pottery 
Co., York, Pa. 


OFFICERS OF THE FELLOWS 


Dean: R. B. Sosman, U. S. Steel Corp., Kearny, N. J. 

Associate Dean: Howells Fréchette, Bureau of Mines, 
Ottawa, Ontario, Canada. 

Secretary-Treasurer: R. M. King, Ohio State Univer- 
sity, Columbus 10, Ohio 


INSTITUTE OF CERAMIC ENGINEERS 


President: T. A. Klinefelter, Southern Expt. Sta., 
U. S. Bureau of Mines, Tuscaloosa, Ala. 

Vice-President: C. M. Dodd, lowa State College, 
Ames, lowa 

Secretary: Robert Twells, Electric Auto-Lite Co., 
Spark Plug Div., Fostoria, Ohio 


Secretary-Editor: R. C. Purdy, 2525 North High St., 
Columbus 2, Ohio 

Past-President: E. H. Fritz, Stupakoff Ceramic & Mfg. 
Co., Latrobe, Pa. 

Past-President: C. E. Bales, Ironton Fire Brick Co., 
Ironton, Ohio 


CERAMIC EDUCATIONAL COUNCIL 


President: A. |. Andrews, University of Illinois, 
Urbana, Ill. 

Vice-President: Paul S. Dear, Virginia Polytechnic 
Institute, Blacksburg, Va. 

Secretary: Paul G. Herold, Missouri School of Mines 
& Metallurgy, Rolla, Mo. 


LOCAL SECTIONS 
Baltimore-Washington 
Chairman: W. R. Lester, Maryland Glass Co., 
Baltimore 30, Md. 
Secretary: C. B. Shelley, General Refractories Co., 
Baltimore 3, Md. 
Central Ohio 
Chairman: W. E. Cramer, Industrial Ceramic Prod- 
ucts, Inc., Columbus 8, Ohio 
Secretary: John Marquis, O.S.U. Engr. Expt. Sta., 
Columbus 10, Ohio 
Chicago 
Chairman: R. P. Stevens, Chicago Retort & Fire 
Brick Co., 208 S. La Salle St., Chicago 4, Ill. 
Secretary: J. J. Svec, Industrial Publications, Inc., 
59 E. Van Buren St., Chicago 5, Ill. 
Michigan 
Chairman: J.F. Quirk, AC Spark Plug Co., Flint 2, 
Mich. 
Secretary: W. V. Blake, Macklin Co., Jackson, 
Mich. 
Northern California 
President: W. V. Bragdon, California Faience Co., 
Berkeley, Calif. 
Secretary: P. C. Valentine, Del Monte Properties 
Co., San Francisco 4, Calif. 


Northern Ohio Section 
Chairman: E. M. Sarraf, Harbison-Walker Refrac- 
tories Co., Cleveland 13, Ohio 
Secretary: . Swain, North American Refrac- 
tories Co., Cleveland 14, Ohio 
Northwestern Ohio 
Chairman: A. H. Couch, Libbey-Owens-Ford 
Glass Co., Rossford, Ohio 
Secretary: H. A. McMaster, Libbey-Owens-Ford 
Co., Toledo, Ohio 
Pacific-Northwest 
President: Gordon Adderson, Gladding, McBean 
& Co., Renton, Wash. 
Secretary: K.G. Skinner, Bureau of Mines, Univ. of 
Washington, Seattle, Wash. 


Pittsburgh 
Chairman: H. E. Simpson, Mellon Institute, Pitts- 
burgh 13, Pa. 


Secretary: H. M. Parkhurst, General Refractor- 
ies CO., Pittsburgh 22, Pa. 


Southern California 
Chairman: C. S. Chaffee, Latchford-Marble Glass 
Co., Los Angeles 1, Calif. 
Secretary: W. O. Brandt, Gladding, McBean & 
Co., South Gate, Calif. 
St. Louis 
Chairman: H. H. Hanna, Pittsburgh Plate Glass 
Co., Crystal City, Mo. 
Secretary: J. H. lvery, Hydraulic Press Brick Co., 
St. Louis, Mo. 
Upstate New York 
Chairman: M. H. Berns, Electro Refractories & 
Alloys Corp., Buffalo 2, N. Y. 
Secretary: E. E. Kunzman, Orefraction, Inc., Pitts- 
burgh 8, Pa. 
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